A circularly polarized broadband low-cost reflectarray in Ku-band is presented using a novel single-layer subwavelength phaseshifting element. The proposed subwavelength element consists of the concentric split ring and the crossed bowtie. The linear reflected phase response curve with 360°phase coverage is obtained. For experimental verification, an array of 25 × 25 reflectarray prototype has been designed and manufactured by employing the angular rotation technique. The measurements are in good agreement with the simulations. The measured gain at the center frequency of 12.5 GHz is 26.6 dBi, corresponding to the aperture efficiency of 52.5%, and the 1 dB gain bandwidth is 26.4%.
Introduction
High-gain antennas with narrow half-power beamwidth (HPBW) are desired for long-distance communications, such as satellite commutations, deep space exploration, radar detection, radio astronomy, and military application. In the past few decades, parabolic reflectors and phase arrays have been normally designed for these requirements. Parabolic reflectors possess some advantages such as low cost, simple geometric construction, and well developed. Nevertheless, the parabolic reflectors have nonplanar curved surface that renders it bulky for particular applications. In addition, the beam scanning is mainly based on mechanical rotation, which makes it not flexible enough to meet the increasing demands. On the other hand, traditional phase arrays have been widespread used in many applications due to its planar geometric structure, fast beam scanning and beam forming, low profile, and so on. However, these traditional phase arrays require complex feeding networks, leading to the mass antenna losses caused by the long path of transmission lines for RF signals. Besides, the considerable losses caused by network bends and discontinuities affect the radiation performances of large phase array antennas operating at high frequencies [1] . Recently, the planar surface reflectarray (RA) antennas, which combine some favorable features of both parabolic reflectors and phase arrays, have attracted significant attention. RA has been regarded as a new generation of high-gain antenna because of its merits such as high efficiency, simplified structure, easier to design and manufacture, and lightweight [2] [3] [4] .
For all that, one of the main limitations of RA antenna technology is its limited bandwidth which is primarily bounded by the narrowband of elements and differential spatial phase errors [5] . Hence, special attentions have been paid to design various broadband and multiband RA antennas, such as using stacked patches with variable-length phase delay lines, aperture-coupled patches, and multilayer patch elements [6] [7] [8] [9] . However, more efforts have been devoted to propose single-layer elements, especially the single-layer multiresonant elements. Compared with the multilayer patch elements, single-layer patch elements have the simpler geometric structures and more convenient fabrication process. Moreover, by combining two or more simple structures appropriately, more resonances of the single-layer multiresonant elements can be introduced to broaden the bandwidth [10] [11] [12] [13] [14] [15] . Hence, some novel patch elements have been presented in the literatures, such as with double cross loops [10] , combination of cross and rectangle loop [11] , the phoenix cell [12] , triple rectangular loops [13] , combination of cross loop and two circular rings [14] , triple square rings, and combined square ring and I-shape strip [15] to design RA antennas.
Circularly polarized (CP) antennas are preferred in many applications because of the feasibility against environment interference, and various CP reflectarray antennas have been implemented to meet the increasing demands. The CP reflectarray antennas are principally designed by using variable patch size and angular rotation technique. In [16] [17] [18] [19] [20] [21] , reflectarray antennas with linear polarization or circular polarization feeders have been designed to attain the CP focused beam. By adjusting the dimension of each patch, the incident wave can be decomposed into two equal orthogonal components with 90°phase difference, and the CP focused beam can be obtained. However, the main drawback of the reflectarray antennas using variable size technique is that the bandwidth is still relatively narrow. In [22] [23] [24] [25] [26] [27] [28] , the angular rotation technique has been applied to implement RA antenna designs for overcoming such drawback. It is used to compensate the phase shift to attain CP focused beam. One prerequisite condition of angular rotation technique is that the primary source antenna must be a CP feeder.
In this work, a novel single-layer patch element has been proposed to design the wideband high-efficiency CP reflectarray antenna. Ansoft HFSS has been employed to optimize the parameters and investigate the radiation performances of element. The full 360°phase coverage has been achieved by using the angular rotation technique, and the reflection loss has been also considered. A reflectarray prototype of the proposed structure has been designed, manufactured, and measured. The radiation performances of proposed reflectarray antenna are better than the previous reflectarray works in terms of gain bandwidth, axial ratio bandwidth, and efficiency.
Element Analysis and Design
The geometric structure of the proposed novel phasing element is depicted in Figure 1 . It is printed on the 1.6 mm grounded substrate with the relative dielectric constant ε r = 2 65 and the tanδ = 0.001. For the sake of achieving the smooth phase variations to obtain better radiation performance of RA antenna, the size of unit cell is recommended to be minimized as possible. However, the narrow gap between adjacent elements will introduce phase error, which is unfavorable to design antenna. Hence, the patch element is constructed on the subwavelength unit cell with the grid spacing of p = 8 m m (1/3 λ when operating at 12.5 GHz), instead of the conventional 1/2 λ size unit cell, where λ is the wavelength in free space at central frequency. The element consists of two segments. The outer part is the concentric split ring, which is characterized by its parameter outer ring radius r o , line width w o , and gap width g o . The inner part is the crossed bowtie, which is characterized by its parameter bowtie length l 1 and l 2 , span angle α 1 and α 2 , and rotation angle β. The optimized size parameters are depicted in Figure 1 . Figure 2 shows the operating principle of CP-CP transmission with angular rotation technique. Take an incident normal left-hand circularly polarized wave E i as to be considered, which travels towards the z direction onto the reflectarray element. The commercial software Ansoft HFSS has been applied to evaluate the radiation performance of element. Periodic boundaries along x and y directions and Floquet mode excitations are both introduced to accomplish the infinitearray approach for element analysis. For obtaining the reflection phasing characteristic of each corresponding element, left-hand circularly polarized (LHCP) plane wave which is normal incidence on an infinite periodic array has International Journal of Antennas and Propagation been considered. Two linearly polarized plane waves with 90°p hase difference are introduced to obtain the LHCP wave. Before element rotation, the magnitudes of both LHCP and right-hand circularly polarized (RHCP) component around the center frequency are first considered. It can be observed clearly from Figure 3 that the proposed element possesses the potential to operate in a broad band with low losses in the whole operating frequency bandwidth. In order to evaluate the sensitivity of the proposed element under different incident angles, the copolarization (LHCP) and cross-polarization (RHCP) component magnitudes versus incident angle have been investigated around the center frequency, and the magnitude curves are depicted in Figures 4 and 5 , respectively. As shown in Figures 4 and 5 , the magnitude of cross-polarization component is still in a small value, while the maximum amplitude loss occurs about 0.4 dB with multiple incident angles in the whole operating frequency range, further confirming the ability of the proposed element to provide the wider bandwidth for CP reflectarray antenna design.
Before designing the CP reflectarray surface, the reflected phases with varying element rotation angle under multiple incident angles have been studied. Figure 6 shows that the reflected phase curves satisfy the 360°with relative linear variation. Besides, the accurate results can be carried out when angle of incident EM wave is taken into account during CP reflectarray surface design. The rotation angle of each individual element can be obtained for compensating the phase 3 International Journal of Antennas and Propagation delay under multiple incident angles. In addition, in order to forecast the possible wide bandwidth of the CP reflectarray surface, the reflected phase variation of the proposed element versus element rotation angle at different frequencies is depicted in Figure 7 . The phase curves clearly indicate that in the operating frequency range, the phase variation of each element location at different frequency will be within ±90°, indicating that the wide bandwidth of CP reflectarray surface with the proposed element can be achieved. Moreover, the reflection coefficient magnitudes under normal and oblique incidence of the proposed element at the center frequency have been plotted in Figure 8 . The curves demonstrate that the reflected wave magnitude is close to 0 dB, which means that the incident voltage is almost equal to the reflected igure 6: Reflected phase responses versus element rotation angle under multiple incident angles at 12.5 GHz. 4 International Journal of Antennas and Propagation one, and the grating lobes or surface waves generated from ground plane will be minimized. All the analyses mentioned above can conclude that the proposed element is suitable for CP reflectarray antenna design.
Realization of Reflectarray and Performance
To verify the radiation performance of the proposed element mentioned above, an array of 25 × 25 RA prototype has been designed for analysis, and it has been fabricated by printed board technique, as shown in Figure 9 . The center-fed RA prototype has been designed at 12.5 GHz. The dimension of the square RA aperture is 20 × 20 cm 2 , and the element spacing is considered at 1/3 λ. The fabricated RA prototype has been measured by using the compact-range anechoic chamber. A circular polarized conical horn antenna, which is located 20 cm above the center of RA aperture, has been chosen as the feed, giving the F/D ratio equal to 1.
Considering that the feed horn antenna has been located far enough to the RA prototype, the normal incident waves generated from feed horn antenna can be taken as the plane waves. Element rotation technique is used to compensate the required phase shift of each individual element. In view of that the RA prototype in the x-y plane is located with the phase center of x f , y f , z f , a numerical MATLAB code has been implemented to determine the required phase distribution ψ x i , y i at each element to collimate the required beam towards (θ o , φ o ) direction. The required phase distribution of each element can be calculated by using (1) and (2) .
where k 0 is the propagation constant in the free space, d i represents the spatial distance between the center of feed antenna and the ith element of RA aperture, and (x i , y i ) stands for the coordinates of ith element center. Hence, the required phase distribution to compensate spatial delay of each element can be calculated, as shown in Figure 10 . The phase response curves under multiple incidences mentioned above can be used to determine the rotation angles of the radiating elements, and the optimization design of RA aperture can be accomplished. The simulated and measured far-field copolarization and cross-polarization radiation patterns of the RA in both x-z and y-z planes at 12.5 GHz are plotted in Figure 11 . By comparing the simulated and measured radiation patterns, it can be observed that the overall radiation characteristic agrees well. The pencil-shaped beams are well defined in the predefined directions, while the sidelobes match well. Hence, it can be concluded that the measured radiation patterns of the RA antenna are in good agreement with the simulated ones. The HPBW in x-z and y-z planes are 7°and 6°, respectively. As shown in Figure 11 (a), the measured peak side lobe level (SLL) is 19 dB below the peak gain in x-z plane while the peak cross-polarization level is near −24 dB. As shown in Figure 11 (b), the measured SLL is at −20 dB in y-z plane while the crosspolarization levels are all below −21 dB in boresight.
The simulated and measured gain variation in the boresight direction versus frequency bands of interest is presented in Figure 12 . The maximum measured gain is about 26.7 dBi appearing at 12.6 GHz. The simulated gain at 12.5 GHz is about 27.6 dBi while the measured one is about 26.6 dBi. The difference between the simulation and measurement is 1 dBi which is acceptable in practical application. The measured bandwidth of 1 dB gain drop is from 11.2 GHz to 14.5 GHz, corresponding to 26.4% bandwidth with respect to 12.5 GHz. The simulated and measured axial ratio (AR) Figure 13 . The simulation and measurement agree well. The measured 3 dB AR bandwidth is 36% from 10.3 to 14.8 GHz, while the 1 dB AR bandwidth is 18.4% from 11.6 to 13.9 GHz.
The simulated and measured aperture efficiencies have been calculated based on the gains with the following formula:
where area represents the physical area of the RA aperture. The measured aperture efficiency is about 52.5% at 12.5 GHz, and the maximum is about 53% at 12.6 GHz, indicating the excellent radiation performances of the proposed RA antenna. It should be pointed out that the random phase errors, losses in elements and substrates, blockages of feeding horn, and measurement errors could also reduce the aperture efficiencies of the two proposed RA antennas. Note that compared with the previous reflectarray works [24] [25] [26] [27] [28] , the proposed reflectarray antenna has better radiation performances in terms of 3 dB AR bandwidth, 1 dB gain bandwidth, and aperture efficiency, as shown in Table 1 .
Conclusion
This work has presented a Ku-band circularly polarized reflectarray model with the novel combined split ring and crossed bowtie element. The reflected phase range with full 360°phase coverage has been achieved by rotating the proposed element. An array of 25 × 25 reflectarray prototype has been designed, manufactured, and measured at the center frequency of 12.5 GHz. The measured SLL is at −20 dB, and the cross-polarization levels are all below −21 dB. The measured gain at 12.5 GHz is 26.6 dBi, corresponding to the aperture efficiency of 52.5%. The measured 1 dB gain bandwidth is 26.4%, while the 3 dB AR bandwidth is 36%.
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